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Abstract

Farticle-based simulation techniques, like the discrete element method or molecular dynamics, are widely used in
many research fields. In real-time explorative visualization it is common to render the resulting data using opaque
spherical glyphs with local lighting only. Due to massive overlaps, however, inner structures of the data are often
occluded rendering visual analysis impossible. Furthermore, local lighting is not sufficient as several important
features like complex shapes, holes, rifts or filaments cannot be perceived well.

To address both problems we present a new technique that jointly supports transparency and ambient occlusion in
a consistent illumination model. Our approach is based on the emission-absorption model of volume rendering.
We provide analytic solutions to the volume rendering integral for several density distributions within a spherical
glyph. Compared to constant transparency our approach preserves the three-dimensional impression of the glyphs
much better. We approximate ambient illumination with a fast hierarchical voxel cone-tracing approach, which
builds on a new real-time voxelization of the particle data.

Our implementation achieves interactive frame rates for millions of static or dynamic particles without any pre-
processing. We illustrate the merits of our method on real-world data sets gaining several new insights.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Picture/Image
Generation—Display Algorithms 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—Color,
shading, shadowing, and texture 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and Realism—

Raytracing

1. Introduction

Numeric simulations are well-established in a variety of
research areas, like thermodynamics or molecular biology.
Many simulation techniques build on particle-based models
for the subject to study, for example atoms or grains. Im-
portant steps for data analysis are visualization and inter-
active exploration. A variety of solutions exist for visuali-
zation that provide different metaphors and abstraction le-
vels. One common visualization is to render the particles as
opaque spherical glyphs with local lighting. While this sim-
ple approach has a low computation time, even for particle
counts in the order of millions, many of the spheres are oc-
cluded. Especially inner structures that can provide import-
ant insight, are hidden. Furthermore, basic lighting models
are insufficient and hinder the perception of more complex
scene structures like holes, rifts or filaments, as no visual
clues for these structures or their depths are conveyed.

To reduce occlusion, most tools for particle based visua-
(© 2015 The Author(s)

Computer Graphics Forum (© 2015 The Eurographics Association and John
Wiley & Sons Ltd. Published by John Wiley & Sons Ltd.

lizations allow to define opacity values, thus rendering the
spheres with a transparency. However, this naive approach is
prone to disturb scene understanding, since it does not pre-
serve the volumetric shape of the spheres. In order to impro-
ve the depth and shape perception within a scene, ambient
occlusion, originally introduced by Zhukov et al. [ZIK98],
has become a popular method to approximate global illumi-
nation effects with comparably low computational costs.

In this work, we present an illumination model that jointly
supports transparency and ambient occlusion for sphere gly-
phs. Our approach builds on the emission-absorption mo-
del of volume rendering. The volumetric shape impression
is not only preserved but can be further emphasized through
the support of several density distribution functions within
a spherical glyph. Ambient occlusion with color informa-
tion is implemented by approximating the ambient illumi-
nation with a fast hierarchical voxel cone-tracing approach.
However, we do not resort to classical volume rendering, by
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resampling our particle data, since does not meet the expec-
tations of application domain researchers. Instead, we expli-
citly keep sphere glyph rendering as foundation of our ap-
proach.

Our main contributions are:

e A consistent illumination model with joint support for
transparency and consistent ambient occlusion

e Closed form solutions of the volume rendering integral
for sphere glyphs with a variety of density functions with
linear transfer functions.

The remainder of the paper is structured as follows: In sec-
tion 2 we review related work on visualization of particle-
based data, different approaches and uses of transparency
and ambient occlusion. Section 3 describes our illumination
model. In section 4 the density and transparency model is
presented. Section 5 details our implementation and GPU
optimizations. We applied our method to real world data,
show the results in section 6, followed by a discussion on
merits and drawbacks of our approach in section 7. Our con-
clusion and ideas for future work are presented in section 8.

2. Related Work
2.1. Particle visualization

A variety of tools and frameworks exist for visualizing par-
ticle data, especially in the domain of molecular biology.
BallView [MHLKO6] provides a software library and ap-
plication for various visualizations, including sphere gly-
phs. Other such renderers include PyMol [Sch10], widely
used in the bio-chemistry community or VMD [HDS96]. All
tools incorporate a rich set of rendering techniques and vi-
sualization methods, e.g. ribbon or surface representations.
Further tools and libraries focus more on performance and
serve as a foundation for visualization research. This in-
cludes VTK [SML96] and Paraview, Vislt [CBW™*12] and
SCIRun [Par99]. A more detailed review on tools and frame-
works for particle visualization can be found in [GKM™14].

Most of these tools are able to visualize point-based da-
ta through sphere glyphs. Since spheres have a very sim-
ple parametric form they are especially well suited for ray
casting algorithms. Gumhold [GumO3] presents a techni-
que for fast ray casting of ellipsoids on the GPU. Klein and
Ertl [KEO4] present a similar approach, only differing in the
geometry used as canvas for the fragment shader. Grottel et
al. [GRDEI10] further speed up rendering for time-dependent
interactive particle data by occlusion prediction from pre-
vious frames. Lindow et al. [LBH12] and Falk et al. [FKE13]
utilize instancing for repetitive structures within the data and
grid based data structures to reach interactive performance
(> 3 FPS) for several billion atoms. Our method also uses
GPU ray casting, and will be detailed in section 5.2.

2.2. Transparency

Using transparency in computer graphics is well-established.
However, it comes with a price on two fronts: First, it is com-
putationally more expensive, as fragments generated during
rasterization of the scene need to be blended in order. A va-
riety of methods to solve this problem exist, from sorting
the scene elements, like in our approach, to methods that
allow for order independent transparency, like depth pee-
ling [Eve01] or by using per-pixel linked lists in modern
GPU buffers with arbitrary read and write access or atomics
(cf. [KLZ14]). The latter methods are either approximative,
e.g. limited in the number of overlapping layers, or have an
additional computational overhead, e.g. through the necessi-
ty of synchronization points and additional buffers during
rendering. This makes them unsuited when possibly hun-
dreds of transparent layers overlap.

The second challenge of transparency is the aggravation
of scene understanding, since depth cues, crucial for human
perception [ROP11], are reduced [TM04]. Many approaches
exist to alleviate this problem, ranging from additional textu-
res for transparent surfaces [IFP97] to more complex effects
like stroking transparent surfaces or brightening colors that
are partly occluded [DWEO2]. Such approaches are designed
for large surfaces, like iso surfaces, and will not work for
fragmented surfaces created in particle-based visualization.

In scientific visualization, transparency plays an import-
ant role, e.g. in volume visualization, it is an integral part of
the absorption transfer function and an established method
to render multiple iso surfaces [KLHO5]. Most tools for par-
ticle visualization like VMD [HDS96] or PyMol [Sch10] tre-
at transparency as an additional material parameter, like the
color, ignoring the ramifications of their use. A small num-
ber of advanced approaches exists in other fields, for exam-
ple in vector field visualization [FWO08] or view-dependent
transparency in line visualization [GRT13]. Carnecky et
al. [CFM*13] present an approach to adjust transparency
based on X- and T-junction, i.e. visual structural elements
of surfaces. The accompanying user study shows that their
transparency models performs better than simpler ones.

2.3. Ambient Occlusion

Ambient occlusion, as described by Zhukov et al. [ZIK98] is
a fast approximation of global illumination effects. It calcu-
lates how much a point on a surface is occluded by its sur-
rounding and attenuates the amount of incoming light, thus
roughly modelling missing secondary light. Lindemann et
al. [LR11] conduct a comprehensive user study on the influ-
ence of global illumination, including ambient occlusion, on
perception. They conclude, that costly global illumination
delivers by far the best results and that local lighting approa-
ches perform better when combined with ambient occlusion.

Depending on the quality of the approximation and the
underlying data, a variety of approaches has been developed.

(© 2015 The Author(s)
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Figure 1: Notation of our illumination model. Left: surface
reflection and volume illumination of particle i. Right: am-
bient occlusion and illumination at first hit x,,.

A technique that evaluates ambient occlusion terms in object
space is presented by Pharr et al. [PG04]. Since it requires
precomputation of the ambient factors, it is not suited for
dynamic data. Hoberock and Jia [HJO7] describe an object-
space ambient occlusion method for polygonal data that does
not require precomputation. They place disk elements to ap-
proximate the scene geometry. While being comparably fast,
this method leads to severe artifacts, when the disks over- or
undersample the geometry. Crassin et al. [CNS*11] present a
technique to efficiently compute global illumination effects,
including object space ambient occlusion, for polygonal sce-
nes by generating a lower resolution sparse voxel grid. Their
method allows for the calculation of the local obscurance
of a scene point by approximate tracing of a low number
of cones via a process denoted as voxel cone tracing. Our
implementation is comparable with this technique, as will
be shown in section 5. In 2007, Mittring et al. [Mit07] pre-
sent an efficient calculation of screen space ambient occlu-
sion, which is based on sampling the surrounding of a pixel
in screen space with simple depth comparisons. However,
this approach is not applicable for multiple layers of semi-
transparent surfaces, which is the case in our method.

In the field of scientific visualization, many applications
of ambient occlusion exist for different scenarios and data
types, most notably in the field of volume rendering. The
survey [JSYR14] provides an overview on global illumina-
tion techniques for volume rendering. For example, Hernell
et al. [HLY10] present a volume rendering approach incor-
porating ambient occlusion. Ambient occlusion is also used
for line rendering by Eichelbaum et al. [EHS13]. In the same
year, they adopt this approach for point rendering [ESH13].
Ambient occlusion for particle visualization is used by Ta-
rini et al. [TCMO06] for their molecular visualization softwa-
re Qutemol. The core idea of their approach is to generate
shadow-map like buffers for a limited set of directions. This
technique does not scale for a large number of spheres as the
complete scene has to be rendered multiple times. Further-
more, it shares common problems of texture based shadow-
mapping approaches, like aliasing or undersampling. Grot-
tel et al. [GKSE12] present an ambient occlusion technique
for fully opaque particle visualization based on a coarse vo-
xelization of the scene, which has very low computational
cost. Our method shares the idea of a volume representati-
on of the scene. The backside of their approach are under-
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sampling artifacts and the limited range of the neighborhood
considered, due to their very limited sampling schema. Our
approach uses a more sophisticated sampling of the scene
volume and creates higher visual quality. We show a qualita-
tive comparison of their method, Qutemol and our approach
in section 6.

3. Illumination Model

We designed our particle visualization model aiming for an
approach which is informative, intuitive, interactive and easy
to use. To make the approach informative we support color
and opacity mapping of particle attributes to visual attribu-
tes. Reduction of the opacity allows to better view the interi-
or parts of the data set. Formally, we define that each particle
i provides an RGB color ¢; and an opacity ;.

To make the approach intuitive we developed a physi-
cally motivated illumination model. We combine volume-
tric and surface illumination for each particle locally. The
overall structure of the data set is emphasized by a mixture
of ambient occlusion and ambient illumination. We simpli-
fied physically based illumination where it hinders under-
standing. For example, we ignore deflection of light rays du-
ring refraction and reduced the combination of reflected and
transmitted light at surfaces to a simple mixture, instead of
more complex approaches, like using Fresnel factors.

To make the approach interactive we use ray-casting ba-
sed splatting of the particles. We analytically solve the vo-
lume integral along the ray in the interior of the particles.
Our approach for computing ambient terms is heavily GPU
based and uses volume rasterization and voxel cone tracing.

To make the approach easy to use we put significant effort
in reducing the number of visualization parameters. These
are two mixing parameters Ogy and o4 that trade off bet-
ween surface reflection and volume illumination and bet-
ween ambient occlusion and ambient illumination.

Our illumination model is a combination of different
parts, as presented in fig. 2. In a) only ambient occlusion
is used. We add a surface reflection model in b) with ligh-
ting from a directional light source. To evaluate the particle
transparency correctly, we add the volumetric emission ab-
sorption model to the interior of the particle, as seen in c).
This provides a consistently varying opacity over the partic-
le footprint. We allow the user to mix the surface reflection
and volume illumination models with agy € [0, 1], which
reflects the user’s preferences. To provide more information
about the neighboring particles, we also compute a colored
ambient illumination term that is added, as shown in d).

We denote radiances with a capital letter L and they are
represented as RGB vector. We denote the local illuminati-
on Lgy, the opacity from volume rendering ®, the ambient
occlusion term Ap and ambient illumination L A-

Figure 1 illustrates the most important quantities of our
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b) with surface reflection

a) ambient occlusion only

Figure 2: The different parts of our illumination model.

illumination model at one particle. The geometry for each
particle glyph i is defined by its center P, and radius r;. The
interior is described by a density function p(¢) for points ¢
on the viewing ray, defined by a view point e and the ray
direction v for a pixel as I(t) = e+1- V.

3.1. Local Particle Illumination

As surface reflection model we calculate the color 'I:R(go)
using the diffuse term and specular term according to the
Blinn-Phong model (omitting the ambient term). We set the
diffuse coefficient to the material color ¢; and the specular
to white.

Based on the density p(¢) we analytically evaluate the vo-
lume rendering integral from the entry point x, to the exit
point x;, which lie at #, and 77 on the viewing ray I(¢). By
setting the transfer functions for emission € (p) and absorp-
tion 6(p) to be linear, the emission color equals the material
color ¢; and the transparency is T(tn, 7).

The backgrounq"illumination iB is reduced inside the
particle to T(tn,t7) Lp. Furthermore, the transparency is re-
lated to the opacity via

O(tn,t) = 1= (tn; 1f) - (1

In the same way transparency can be mapped to the surface
reflection model. We combine both approaches at x, via olgy

Lry (x9) = Otu,t7) (1 — oty ) - Lr(x9) + oty - €7) . (2)

The volumetric part is thus comparable to the ambient term
in traditional surface reflection models.

From the solutions of the rendering integral, we can com-
pute per particle the maximum value ®max for all possible
O(tn,1r). This allows to scale the transfer function 6(p) ba-
sed on the condition that ®max should be equal to the particle
opacity parameter ®;. This way, we do not need any new pa-
rameters for the volumetric model.

3.2. Ambient Occlusion

Finally, we incorporate the ambient occlusion and ambient
illumination terms. We start with the ambient occlusion set-
ting from surface rendering illustrated in Fig. 1 b). At the
front hit x, with normal 7 the hemisphere Qj is extended to
the radius Ry.

The basic version of ambient occlusion averages the vi-
sibility V (x,x(®)) € {0,1} of the points x(®) on the he-
misphere of radius R4 with respect to x, over all directi-
ons @ of the hemisphere. The contributions from different
directions @ are furthermore weighted by the cosine term
cos = (i,®):

[ v x@) fe)jde.  ©)
Q(#)

ASO(Eoﬁ) = o

The cosine weight models a diffuse reflection model. Assu-
ming a constant background illumination L, one can com-
pute an ambient radiance for a diffuse surface of color ¢;
independent of the outgoing direction as

Lgy=7¢;®(Aso-Lg) . @

Agp describes the fraction of background light that reaches
X, transformed with the cosine term to the coordinate system
of the surface.

We generalize this approach to transparent particles by re-
placing the visibility term with the integral T4 (®) along a ray
from x; to x(®).

1 .
Aolxo.) = - [ (@) () do. s)
Q(r)

Let O (®) = 1 —T4(®) be the opacity and Ly (®) the
volume integral along the same rays. From these we compute
the average incoming ambient illumination L, as

1 R,
m=n4mwm@m. ©)
Q(n

For ambient occlusion in volume rendering [HLY 10] used a
similar approach, but integrated over a complete sphere, in-
stead of the hemisphere Q(7), thus, losing directional infor-
mation of the illumination. Note that L, (®) contains trans-
fer functions for absorption T4 and emission € 4, which can
be adjusted independently. For example, €4 can be used
to reduce the emitted radiance for nearly opaque particles
(cf. Fig. 2 d)).

We use the ambient occlusion term A to modulate the re-
sult Lgy of surface reflection and volumetric emission. The
final formula for the radiance emitted to the eye is

Lg=AoLgy +oaLy , @)

(© 2015 The Author(s)
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b) <) d)

Figure 3: Different settings of our volumetric model. a) nai-
ve opacity, b) with a constant density function, c) L% norm
density function, d) constant density with 10% border

a)

and incorporates the ambient illumination as an additive
term that can be mixed in and out with the parameter oy
(cf. Fig. 2 d)).

4. Sphere Density Model

For the volumetric lighting Ly at a surface point we expli-
citly evaluate the volume rendering integral. We assume the
spheres to be filled with light emitting and absorbing gas.
By careful choice of the density functions for the interior
of each sphere, a variety of opacity profiles can be defined.
Fig. 3 illustrates the results for different density functions.

Fig. 3 b) shows the opacity of a sphere with constant den-
sity. While the spherical shape is much better retained as in
the naive approach (cf. Fig. 3 a)), it results in a less per-
ceivable border of the glyphs, as the length of the light ray
inside the volume decreases towards zero. This counters our
efforts to preserve the shape impression of the sphere. To cir-
cumvent this problem, we can compute the density inside the
sphere by the L% norm to the glyph’s center (cf. Fig. 3 ¢)).
This de-emphasizes the center and further improves the vi-
sibility of the actual border. Details are presented in subsec-
tion 4.2. As a second addition, we can explicitly remove a
smaller concentric spherical sub-volume, resulting in a hol-
low sphere, as shown in Fig. 3 d) and further elaborated in
subsection 4.3. We simplify the computations using linear
transfer functions for emission € (p) and absorption 6(p).

As stated before, the maximum opacity value ®max, given
for each particle, defines the opacity at the most opaque point
of the projected sphere glyph. The final color for emission
and absorption, but omitting the translucent background, is
defined as

Iy

iy= /t(tn,t)-'é(p(t))dt )

In

with the transparency function

~ Jop()ar
Tig,tn) =€ o : ©)

where p(t) denotes one of our density distributions along the
viewing ray I(¢).

Let 6(p) = Ap be the linear absorption and € (p) = A€, -

(© 2015 The Author(s)
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p the linear emission. The linear factor A will be used for
opacity adjustment. T(f, ;) then simplifies to

T([OJ’]) — e*}\.P(l]) . e}\.P(I(])

where P(t) denotes the integral of p(z). Inserted into Eq. (8)
the volume light intensity becomes:

)
Ly = 7\.2"1’67“2(’/-) /ekpmp(t)dt : (10)

Iy
By using the substitution rule, Eq. (10) further simplifies to
P(iy)
iv = 7\..6.",‘8_“7([!) / ehdt
P(tn)
Ly = ¢O(tn,17) an
with
Otn,17) = 1 — ¢ MPU)=Pl)) (12)

being the opacity function. This allows the volume rendering
integral to be analytically evaluated for any density function
p(¢) that is integrable once.

4.1. Constant Density Function
The constant density function is given trivially as
Por(t) = 1. (13)
Inserted into Eq. (12), the opacity function reads:
Oc(tn,ty) = 1—e M=t (14)

It has a maximum value when the length of the light ray
segment in the inner of the sphere equals twice the radius
ri, i.e. when it crosses the center. This maximum opacity is
controlled by the particles parameter ®max. Setting Eq. (14)
to Omax and solving for A yields:

1
A=~ (1~ Om) . (15)

When ®Omax is 0, the paramter A will also become 0, leading
to a fully transparent sphere. Setting ®@max to 1, A becomes
00, obtaining a fully opaque sphere.

4.2. L%-Distance to Sphere Center Density Function

This density model uses the L% distance of each point to the
sphere center as density value.

Let the sphere center be at the origin, then the density
function reads

pr(t) = (e+1v,e+1v)
=12 (,9) +1-2(e,¥) + (e.e) .
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Its integral is
Pp(t) :/Plz(f)df
| 2
= (3690 +enitear) . ao

Inserting Eq. (16) into Eq. (12) the final opacity is given by:
Op(tnytf) = 1— e—l(%(Vﬁf')(t?—lf)-ﬁ-(gﬂ(l_f—tf)+<£~,§)(ff—ln)) )
a7

The ray with maximum opacity is not as obvious as

with the constant density. It is obtained by reparametrizing
Oy (tn,tr) as a function of the distance to the sphere center

and calculating its maximum. Its maximum value is l%ﬁ ri3

when the distance equals \% which yields
V2,3
Omax = 1 — 771 (18)
and
3
A=———=In(1 — Omax) . (19)

2\/§ri3

4.3. Hollow Sphere Density Models

The presented mathematical framework evaluates the opaci-
ty as a function of the ray entry value #, and the exit value
tr. Through a straight-forward extension, hollow spheres are
supported, i.e. spheres that follow one of the aforementio-
ned density models, but enclose a smaller empty sphere with
aradius ry < r. Its opacity is determined by first calculating
the intersection points of the inner sphere t,s and tz. The
opacity values for the intervals [ty 5] and [, 7] are com-
puted. The final opacity is obtained by compositing.

5. GPU-Based Implementation

The particles list is transferred to GPU memory into a vertex
buffer object. We also allocate an index buffer used to sort
the particle data view dependently. In each frame, we up-
date the indices by depth sorting if the view point changes.
We use a radix sort prefix-sum sort algorithm [HSOO07], im-
plemented in compute shaders. This algorithm is especially
well suited for our approach as it is parallel in nature and has
a linear run time, independent of the data order.

As next step, the particles are voxelized into a RGBA 3D
texture, which is the core data structure needed for the eva-
luation of the ambient occlusion and illumination terms. This
operation is only carried out when the data changes. During
voxelization, the density of all spheres is preclassified using
our ambient illumination transfer function (cf. Sec. 3.2).

The particle buffer, the index buffer and the 3D texture are
then used for rendering. For each sphere, a GL_POINT with
a size that fully contains the projected sphere is generated
in the vertex stage. For each fragment, we cast a ray from

the camera through the pixel that covers the fragment. If the
sphere is hit, the local illumination model, ambient occlusion
and ambient illumination are evaluated. The ambient terms
are obtained through voxel cone tracing, comparable to the
approach by [CNS™11] (cf. Sec. 5.2).

5.1. Scene Voxelization

The spheres are voxelized into a RGBA 3D texture with a ty-
pical size of 256 x 256 x 256 bound to a frame buffer target.
When 3D textures are bound to a frame buffer, the geome-
try shader allows for each emitted point primitive to select a
slice via the OpenGL variable g1_Layer. We employ the
same vertex buffer that is used for rendering.

The geometry shader performs a slicing of each sphere.
Given position and radius, point primitives are generated for
each volume slice that intersects the sphere. We set the size
of each primitive to match the maximum radius of the slice.

Fragments that do not contribute to the slice are discarded.
For all other fragments, the transfer functions are applied and
weighted with a factor w modeling the overlap ratio between
the sphere and the voxel cell to avoid aliasing effects. If the
current voxel cell contains the complete sphere, then w is the
fraction of space that the sphere occupies in the cell. If the
voxel cell is completely contained in the sphere, then w is 1.
Otherwise, the cell contains the sphere partially. In this case,
we sample on a regular sub grid with a resolution of 3 x 3 x 3
inside the voxel cell and set w to the fraction of hits. When
multiple spheres contribute to a voxel cell, their values are
summed up by additive blending.

As final step of the voxelization, a mipmap-pyramid is
built for the voxel cone tracing by averaging. Utilizing the
compute shader for this calculation, the computation time is
reduced by a factor of 30, compared to the standard OpenGL
method glGenerateMipmaps.

5.2. Ray Casting of Spheres

The spheres are rendered in a front-to-back manner. Each
sphere is sent as a GL_POINT to a vertex shader that sets
the point size to fully contain the projected sphere.

In a fragment shader, a ray-sphere intersection with the
current viewing ray is evaluated and the entry and exit posi-
tion t,, and ¢ are determined. Then, the local lighting and the
volume rendering integral according to Sec. 4 are evaluated.

Finally, the ambient terms is determined. Depending on
a user selectable aperture angle, three cones, tightly aligned
around the point’s normal, are set up. We perform voxel cone
tracing in the previously voxelized scene in an iterative man-
ner. For each cone, the sampling starts at a small offset from
the surface point to avoid fetching values originating from
the current sphere itself. A RGBA value is fetched from the
3D texture that contains the neighborhood in the domain of

(© 2015 The Author(s)
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the voxel. Its mipmap level corresponding to the cone dia-
meter at that sampling position. Voxel entries between two
discrete mipmap levels are quadrilinearely interpolated by
the GPU.

Subsequently, we step one diameter step further along the
principal cone direction, take a new sample from the mipmap
level that corresponds to the new diameter and compose it
in a front-to-back manner. This process is repeated until a
predefined cone length is reached. The length is typically set
to 25% of the scene extend, but can be adjusted by the user.
The final fragment color is blended front-to-back into the
screen buffer.

Since the spheres need to be sorted anyway, the rendering
process can be accelerated by an approximation of early-z
termination. We split the point data into a small set of chunks
(in the order of 20) along the z-direction and render them
successively into the screen buffer. For each chunk, the ren-
dering pipeline is configured to only process fragments whe-
re the value of the depth buffer is 0. After one chunk was
rendered and blended, the current RGBA color buffer is eva-
luated and the depth is set to 1 if the alpha value for a pixel
exceeds a maximum threshold, thus masking this pixel for
fragment operations during following rendering passes.

6. Results

We use six real world data sets, shown in figure 4, for the
evaluation of our method. Their sizes in numbers of particles
are given in table 1. For all six data sets we created visuali-
zations using our proposed illumination model.

Data set D1 was included mainly for the purpose of per-
formance measurements. We adjusted the overall transparen-
cy to the spheres using the constant density function to show
the depth complexity and we use ambient occlusion to show
local strands of atoms. Data set D2 shows dislocations and
stacking faults in a solid block of a nickel aluminum alloy.
The planar stacking faults are colored in gray, only slight-
ly transparent, while the context giving linear dislocations
are colored in blue and green, depending on an atom neigh-
borhood classification, with high transparency values. Data
set D3 shows three liquid droplets colliding and merging.
All droplets are of the same Lennard-Jones material model.
The different colors indicate the originating droplet for each
atom. We compute the opacity based on the local density,

Table 1: The six data sets used for evaluation

data set description # particles
D1 Protein IUUN 2,758
D2 NiAl dislocations 50,547
D3 Three colliding droplets 79,509
D4 Laser ablation bulge 509,423
D5 Bursting liquid layer 2,000,000
D6 Laser ablation shock wave 60,000,000

(© 2015 The Author(s)
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Figure 5: Comparison of ambient occlusion methods with a
close-up of a small portion of dataset D5. Left: our method,
center: ambient occlusion from [GKSEI2], right: ambient
occlusion from QuteMol [TCMO06].

i.e. the number of neighbors for each atom within a given ra-
dius for each droplet separately. We de-emphasize the vapor
phase and the liquid phase by setting low opacity for low and
high density values. Particles in medium density areas are
highlighted through high opacity. See the discussion below
for a rational on this approach. Data set D4 shows a bulge in
a laser ablation simulation in the moment of ripping apart.
The opacity was also computed by a local density, simply
mapping high density to low opacity and low density to high
opacity. Data set D5 shows a bursting layer of liquid in va-
cuum. We used a similar opacity computation as for D3 with
the only difference that D5 consists of only one type of mo-
lecules. Data set D6 shows a laser ablation simulation and is
with 60 million atoms the largest data set in our evaluation.
We used the local density as basis for opacity and color. The
bulk material is visually removed by using full transparen-
cy for atoms within the respective density interval. Atoms
of lower density are colored blue, of higher density red to
yellow, with increasing opacity in both cases.

The test system for our performance measurements was
an Intel Core i7-3770 CPU (4 x 3.40) GHz and an Nvi-
dia GeForce GTX 660. The render window had a size of
1024 x 768 pixels. The resolution of the 3d texture used for
voxelization was 256 x 256 x 256 for all data sets. The over-
all performance numbers in frames per second are given in
table 2. The results show interactive frame rates for particle
counts up to several million particles (cf. data set D5). Our

Table 2: Performance of our method in frames per second.
Early-z denotes the rendering mode utilizing our optimizati-
on as shown in subsection 5.2. Upload, voxelization and sor-
ting is performed in each frame. For comparison, the results
for a renderer that only evaluates local lighting is shown.

dataset early-z noearly-z local lighting
D1 150.44 187.54 1243.00
D2 93.31 97.67 1217.80
D3 57.54 64.19 695.90
D4 27.44 24.67 222.80
D5 8.76 6.62 146.60
D6 0.34 0.32 2.50
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Figure 4: The six real world data sets used for the evaluation. D1 - D6 from top left to bottom right, according to table 1.

Table 3: Performance of different steps in milliseconds. upload is the vertex data particle upload, sort. is the particle sorting
step, voxel. is the voxelization step, render is the whole fragment shader for the final image generation, and other denotes
additional overhead. The right sub-table details parts of the render stage: basic is the fundamental particle ray casting, transp. is
the evaluation of our volume model, and amb.occl. is the computation of the ambient occlusion values.

data set upload sort. voxel. render other basic transp. amb.occl.
D1 0.01 0.26 4.52 1.78 0.05 1.46 0.01 0.31
D2 0.08 0.89 5.07 4.64 0.05 1.72 0.09 2.83
D3 0.42 1.48 542 9.35 0.02 2.62 0.10 6.63
D4 3.17 11.11 13.71 8.49 0.11 3.71 0.12 4.66
D5 8.51 42.37 39.09 23.25 0.96 8.02 0.39 14.84
D6 185.10 1367.84 1048.17 517.39 4.19 198.71 2.08 316.60

approximation of early-z termination starts to pay off for da-
ta set D4. For smaller particle counts, the overhead of multi-
pass rendering outweighs the possible performance gain. Of
course, the effectiveness of early-z depends on the settings
of the transfer functions, i.e. the opacity accumulation, ran-
ging from small performance gains in D5 to a speedup of
factor 5 if the spheres are nearly opaque.

We measured additional details of our algorithm, and
show the corresponding computation times in milliseconds
in table 3. In all cases our early-z optimization was activa-
ted. For ambient occlusion calculation, 3 cones are traced per
fragment, each require 3 to 5 quadrilinear 3d texture fetches.
The results show linear scaling behavior with the number of
particles. For small data sizes (D1, D2) the fixed overhead
dominates. Data set D3 is an exception to the linear scaling
in some stages. We believe this is due to its spatial struc-
ture and transparency parametrization, which result in write
collisions during voxelization and also makes our early-z op-
timization ineffective.

To judge our implementation of ambient occlusion quali-

tatively, figure 5 shows different real-time methods used in
particle visualization. Our method nicely darkens local ca-
vities and is nearly artifact-free. At the same time, complex
structures, like the hole on the left back side of the cavity,
are still visible. Due to its very localized sampling scheme,
the method by Grottel et al. [GKSE12] does not darken the
center of the rift enough. Also, linear interpolation artifacts
are visible. The method in QuteMol [TCMO06] suffers even
stronger from these artifacts and overall overdarkens the in-
ner of the structure, making it impossible to denote details.

7. Discussion

Our implementation is able to retain interactive rendering
rates for data sets with millions of particles. These num-
bers even include our GPU-based voxelization, mipmap-
generation and particle depth sorting. The first two compu-
tations, however, are normally only necessary once per da-
ta time step. The performance of the voxelization depends
not only on the number of particles, but also on their posi-
tion and splatting order. If many particles overlap the same

(© 2015 The Author(s)
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voxel, like in D3 and D6, synchronization operations are ne-
cessary in the geometry shader stage that increase generation
time. Calculating the opacity for each fragment only consists
of numeric calculations with moderate run-time complexity
and does not require any texture lookups. The computation
time for ambient occlusion and emission is low but still crea-
tes high visual quality images, using the applied approach of
voxel cone tracing. Similar to the method presented in [GK-
SE12] the image quality of the ambient occlusion depends
on the resolution of the volume 3d texture. Our approach,
however, is less susceptible to this issue, as the voxel cone
tracing takes a larger portion of the volume data into account.

In its current state, only data sets where the spheres do
not intersect result in artifact-free images, as the composi-
ting of the individually point-based rendered spheres would
produce wrong results otherwise. This, for example, prohi-
bits rendering macro-molecules like proteins in the display
style of Van der Waals surfaces. For the rendering of the data
set D1 we reduced the radii, so that the spheres only touch
each other. We plan to address this issue in future work.

To judge the effectiveness of our visualization qualitative-
ly, especially the shape perception and transparency, we re-
trieved expert feedback from application domain researcher
from physics and thermodynamics. For them, one important
task is the visual inspection of data for unexpected featu-
res. In data set D2 the reduced occlusion using the semi-
transparent representation was regarded helpful, especially
in later time steps. The transparency helps for the overview
but has no real benefit in close-up inspection of smaller por-
tions of the data. For this second aspect, however, the clearly
perceivable shape of our hollow sphere model was judged
useful. In the detail view, the ambient occlusion visually se-
parates different layers of atoms (cf. Fig. 2), which was high-
lighted by the domain experts. In the data set D4, the trans-
parency was commented similarly positive for an overview
over internal structures, while shading and ambient occlusi-
on help for the shape perception of structural details.

The comments on the visualization of data set D3 were
especially positive. The opacity derived from the local den-
sity clearly shows the surfaces of the droplets. Because the
local density was computed per droplet independently, af-
ter merging, the visualization clearly shows the front of the
diffusion process taking place inside the combined droplet.
This diffusion process is important but usually hard to see.
Our visualization of data set D5 was also received well, as
the density emphasizes the interface surface between liquid
and vacuum and shows the depth complexity of the brea-
kup. Additionally the ambient occlusion helps understan-
ding the structures emerging during the breakup, especially
in early time steps. The visualization of data set D6 revealed
a higher-order effect of the simulation the domain experts
did not expect at first. The atoms with higher local density
clearly show the shock wave from the laser impact moving
through the material. More importantly, within this shock

(© 2015 The Author(s)
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wave, distinct diagonal lines are visible which were unex-
pected. These lines result from reflections of the shock wave
onto itself at the boundary conditions of the material block.

In summary, particle data visualization, needs to retain
the shape impressions of the individual spheres, but benefits
from transparency to lessen the occlusion problem and from
ambient occlusion to emphasize large scale structures within
the data. Our different density models for the sphere glyphs
were very well received in different application scenarios, as
was the combination with transparency derived from local
density. Ambient occlusion was considered helpful to under-
stand the complexity of larger structures and shapes formed
by the particles. To the best of our knowledge, our system is
the first to incorporate all these aspects together in a consis-
tent, real-time visualization.

8. Conclusion and Future Work

We presented a model for combined ambient occlusion ligh-
ting and transparent sphere glyph rendering. The transpa-
rent sphere glyphs are based on analytical solution of the
emission-absorption volume rendering equation for different
density models. Our approach remedies the problems of oc-
clusion and ill shape perception. Our implementation per-
forms at interactive frame rates for millions or particles. We
evaluated our method with real world data sets in terms of
rendering performance and in terms of visualization effec-
tiveness through application domain expert feedback. The
combined application of transparency and ambient occlusi-
on is beneficial for particle-based data set analysis in the pre-
sented scenarios.

As future work we plan on expanding our approach to
counter current drawbacks. Most prominently, we want to
remedy the issue with intersecting spheres. Possible approa-
ches include manual composition with read-write frame buf-
fer objects and introduction of explicit clipping planes for in-
tersections. Similarly, we plan to integrate a limited number
of further graphical elements for more visualization scena-
rios, like cylinders or cones. We also plan to investigate al-
ternative and extended lighting models, like integrating the
ambient occlusion terms directly in the volume light model.
With optimizations we target for algorithms with better sca-
ling for interactive rendering of even larger data sets.
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